r Parkin, an E3 ubiquitin ligase encoded by the Park2 gene, has been implicated in the regulation of mitophagy, a quality control process in which defective mitochondria are degraded.
Introduction
Skeletal muscle, the largest type of tissue in the human body, assumes multiple functions that are essential for general health (Wolfe, 2006) . Indeed, skeletal muscles are critical for posture, mobility, thermogenesis, whole body glucose homeostasis and also act as the largest amino acid reservoir of the human body in critical catabolic conditions. It is therefore not surprising that a loss of skeletal muscle mass has been associated with impaired whole body glucose homeostasis, falls, fractures, disability and a host chronic diseases (Yang, 2014; Ebner et al. 2015; Balogun et al. 2017) .
Mitochondria are intracellular organelles in charge of critical processes for skeletal muscle cells. Often referred as the powerhouse of the cell, they are also involved in the regulation of energy-sensitive signalling pathways, reactive oxygen species (ROS) production/signalling, calcium homeostasis and the regulation of apoptosis (Brookes et al. 2004) . As a result of their importance for optimal muscle cell function and performance, mitochondrial dysfunction has been implicated in a large number of adverse conditions affecting skeletal muscle health (Russell et al. 2014) , including sarcopenia (Dirks & Leeuwenburgh, 2004; Chabi et al. 2008; Hepple, 2014; Gouspillou et al. 2014b) , disuse-induced muscle atrophy (Min et al. 2011) and several muscular dystrophies (Godin et al. 2012; Bernardi & Bonaldo, 2013) . Maintaining an optimal mitochondrial content and function is therefore critical for skeletal muscle health . The maintenance of mitochondrial function relies on the subtle co-ordination of processes involved in mitochondrial biogenesis and mitochondrial quality control processes, including the removal of dysfunctional mitochondria via autophagy (mitophagy) . Although the role of mitochondrial biogenesis and function has received intense research effort in the field of skeletal muscle biology (Hood et al. 2016) , very little is known about the roles that mitophagy plays in skeletal muscle health.
Several pathways that regulate mitophagy have been identified (Wei et al. 2015) . Amongst them, the PINk1-Parkin-dependent pathway has emerged as a major regulator of mitochondrial degradation in multiple biological systems (Narendra & Youle, 2011) . Parkin is an E3 ubiquitin ligase encoded by the Park2 gene that translocates to depolarized mitochondria to initiate mitophagy. Parkin acts in concert with phosphatase and tensin homologue-induced kinase 1 (PINK1), which acts upstream of Parkin. In healthy mitochondria, PINK1 is imported into the inner mitochondrial membrane and then degraded by the protease PARL (Jin et al. 2010) . When mitochondria are depolarized, the import of PINK1 protein into the inner mitochondrial membrane is blocked and PINK1 is no longer degraded and becomes stabilized on the outer mitochondrial membrane (Jin et al. 2010) . PINK1 then phosphorylates itself and phosphorylates ubiquitin and Parkin (Rasool et al. 2018) , which leads to Parkin activation and subsequent ubiquitination of the mitochondrial outer membrane proteins such as TOMM20 and VDAC (Nardin et al. 2016) . The ubiquitination of mitochondrial outer membrane proteins by Parkin triggers a broad activation of the ubiquitin-proteasome system (Chan et al. 2011) , as well as the recruitment of autophagy receptors, including LC3, SQSTM1 (p62) and NBR1 (Heo et al. 2015) , comprising two steps required for the engulfing of dysfunctional mitochondria by autophagosomes.
Recent studies have shown that the biological functions of Parkin are not limited to mitophagy. Indeed, Shin et al. (2011) have shown that Parkin also plays a role in the regulation of mitochondrial biogenesis by targeting PARIS, a transcriptional repressor of PGC-1α, for degradation. Mfn1 and Mfn2, two proteins involved in mitochondrial fusion (Chan et al. 2011; Glauser et al. 2011) and Drp1 (Wang et al. 2011) , a protein involved in mitochondrial fission, have been identified as Parkin substrates, indicating that Parkin may also regulate mitochondrial dynamics. Furthermore, Parkin has recently been shown to regulate the production of subpopulations of mitochondrial-derived vesicles, which are assumed to play a role in delivering specific cargos to lysosomes for degradation (McLelland et al. 2014) and thus contribute to mitochondrial quality control.
Although much progress has been made regarding the role of Parkin in mitochondrial recycling in cultured cells, its exact physiological significance in regulating mitochondrial function and the contractile process in vivo in skeletal muscle remains largely unexplored. To address these issues, we studied Park2 −/− mice aiming to investigate the impact of Parkin ablation on skeletal muscle contractility and phenotype, as well as on muscle mitochondrial content and function. We hypothesized that skeletal muscles from Park2 −/− mice would display significant impairment in mitochondrial function (i.e. respiration, ROS production, calcium retention capacity and susceptibility to trigger apoptosis), as well as in muscle contractility.
Methods

Ethic approval
The present study was carried out in strict accordance with standards established by the Canadian Council of Animal Care and the guidelines and policies of McGill University and University of Montreal. All procedures were approved by the animal ethics committees of the Université de Montréal (#13-062). Experimental protocols were designed to minimize suffering and the number of animals used in the study. The authors declare that their work complies with the ethical principles under which The Journal of Physiology operates.
Animals
Eight-to 12-week-old male wild-type (WT, Park2 +/+ ) and Park2-deficient (Park2 −/− ) mice (obtained from INSERM-Sanofis-Adventis, Gentilly, France) (Itier et al. 2003) were bred and maintained at the Institut de Recherche en Immunologie et en Cancérologie, Université de Montréal (Montréal, QC, Canada). Animals were exposed to 12:12 h light/dark cycle with free access to standard mice chow diet and water. Park2 knockout was confirmed by western blotting (Fig. 1 ). Animals were killed by cervical dislocation.
In situ assessment of tibialis anterior (TA) contractility
Mice were anaesthetized with an I.P. injection of the following cocktail: ketamine (100 mg mL -1 ), xylazine (20 mg mL -1 ) and acepromazine (10 mg mL -1 ). Anaesthetized mice were immobilized in the supine position. The distal tendon of the TA was isolated and tied to the lever arm of a dual mode force transducer/length servomotor system mounted on a mobile micrometer stage. The exposed section of the muscle was kept moist with an isotonic saline drip (37°C) and directly stimulated with an electrode placed on the belly of the muscle. Supramaximal stimuli (pulse durations of 2 ms) were delivered using a computer-controlled electrical stimulator (model S44; Grass Instruments, Quincy, MA, USA). Muscle force and length signals were stored on a computer using Labdat/Anadat software (RHT InfoData, Montreal, QC, Canada). Force-frequency relationships were determined at muscle optimal length by sequential supramaximal stimulations for 300 ms at 10, 30, 50, 100 and 120 Hz, with a 2 min interval between each stimulation train. At the end of this protocol, animals were killed by cervical dislocation. Muscle mass was quantified and muscle length was measured with a microcaliper. Muscle force was normalized to tissue cross-sectional area (expressed as newtons cm -2 ). Muscle cross-sectional area was estimated by dividing muscle mass by the product of muscle length and muscle density (1.056 g cm -3 ).
Mitochondrial functional assays in permeabilized muscle fibres
Dissections and permeabilization of fibre bundles from the gastrocnemius with saponin were performed as described previously (Picard et al. 2008) . Ghost fibres were prepared by incubating permeabilized bundles in a high KCl medium that allows extraction of myosin. Permeabilized myofibres and ghost fibre bundles were kept on ice until use. All mitochondrial functional parameters were determined at minimum in duplicate and expressed per mg of dry fibre weight.
Mitochondrial respiration
Mitochondrial respiratory function was determined in permeabilized fibres as described by Picard et al. (2008) (Picard et al. 2008) . Baseline fluorescence readings were taken in the absence of any exogenous respiratory substrates. Additions were then made sequentially: glutamate (5 mM), succinate (5 mM), ADP (10 mM) and antimycin A (8 μM). Rates of H 2 O 2 production were calculated from a standard curve established under the same experimental conditions.
Calcium retention capacity
Calcium retention capacity (CRC) was measured in ghost fibres in CRC buffer (in mM: 250 sucrose, 10 Mops, 0.005 EGTA, 10 Pi-Tris, pH 7.3) supplemented with glutamate-malate (5:2.5 mM) and 0.5 nM oligomycin, as described previously (Picard et al. 2008) . Following the addition of fibres and respiratory substrates, a single pulse of 20 nmol Ca 2+ was added. CRC was defined as the total amount of Ca 2+ accumulated by mitochondria prior to PTP opening-induced Ca 2+ release. The Ca 2+ concentration was calculated from a standard curve relating [Ca 2+ ] to the fluorescence of Ca-Green 5N (excitation-emission: 505-535 nm).
Enzyme activity
Activities of complex I (CI, NADH-CoQ reductase), complex II (CII, succinate dehydrogenase), complex IV (CIV, cytochrome oxidase complex) and citrate synthase (CS) were measured spectrophotometrically with a plate reader using standard coupled enzyme assays as described previously (Marcil et al. 2006 ) with minor modifications (de Wit et al. 2008) . Activities were expressed as mU min -1 mg -1 wet muscle weight.
Immunoblotting
Frozen muscle samples were homogenized in homogenization buffer [tris-maleate (10 mM), EDTA (3 mM), sucrose (275 mM), DTT (0.1 mM), leupeptin (2 μg mL -1 ), phenylmethylsulfonyl fluoride (100 μg mL -1 ), aprotinin (2 μg mL -1 ) and pepstatin A (1 mg 100 mL -1 , pH 7.2)], then centrifuged at 1000 g for 10 min in a cold room. Pellets were discarded and supernatants were designated the crude homogenate. Total muscle protein in each sample was determined using the Bradford protein assay technique. Crude homogenate (25-50 μg sample -1 ) was mixed with SDS sample buffer, boiled at 95°C for 8 min, loaded onto Tris-glycine SDS-PAGE gels and separated into proteins by electrophoresis and then transferred to nitrocellulose membranes. After 1 h of blocking in Tris-buffered saline with 0.1% Tween 20 (TBS-T) supplemented with 5% nonfat milk, membranes were incubated overnight at 4°C with primary antibody diluted in TBS-T supplemented with 5% nonfat milk or 5% BSA, according to the antibody: PARK2/PARKIN (P6248; Sigma-Aldrich, St Louis, MO, USA); SQSTM1/p62 (H00008878-M01; Abnova, Taipei, Taiwan); LC3B (3868S; Cell Signaling, Beverly, MA, USA); BNIP3L (NIX) (39-3300; Invitrogen, Carlsbad, CA, USA); BNIP3 (3769; Cell Signaling); GAPDH (5174; Cell Signaling); VDAC1 (4866S; Cell Signaling); SOD2 (ab16956; Abcam, Cambridge, MA, USA); OPA1 (612606; BD Transduction Laboratories, Lexington, KT, USA); HSP60 (SPA-307; Stressgen Bioreagent, Victoria, BC, Canada); COX I (ab14705; Abcam); COX IV (4850S; Cell Signaling); 4-HNE (HNE11S; Alpha Diagnostic International, San Antonio, TX, USA); Bax (SC526; Santa Cruz Biotechnology, Santa Cruz, CA, USA); Drp1 (8570; Cell Signaling); Mfn2 (M6319; Sigma-Aldrich); and TOM70 (A-8; Santa Cruz Biotechnology). After washing, membranes were incubated for 1 h at room temperature with a secondary antibody [7076 (Cell Signaling) and A0545 (Sigma-Aldrich)] diluted in TBS-T supplemented with 5% nonfat milk. Protein detection was performed using a chemiluminescent substrate (Amersham Biosciences Corp., Little Chalfont, UK) with film exposures ranging from 30 s to 5 min. Following the film scanning, bands were quantified using ImageJ (NIH, Bethesda, MD, USA).
Autophagy flux
Park2
+/+ and Park2 −/− mice were injected with PBS or colchicine, a lysosomal inhibitor that prevents degradation of autophagosomes (Ju et al. 2010) . To measure autophagic flux, mice received two I.P. injections, separated by a 24 h window, of PBS (control group) or colchicine (colchicine group: 0.4 mg kg -1 day -1 ). Twenty-four hours after the second PBS or colchicine injection, animals were killed, muscles were excised and tissue samples were prepared for immunoblotting to detect LC3B proteins (3668S; Cell Signaling). Muscles were excised and tissue samples were prepared for immunoblotting to detect LC3B proteins. A standard curve consisting of purified LC3B was run alongside experimental gels (range 0.4-1.2 ng protein per lane) to facilitate quantification of LC3B protein levels (LC3B-I and LC3B-II). LC3B protein density in a given sample was converted to LC3B protein quantity by extrapolation from the standard curve using regression analysis tools. Values were then normalized to mg of total muscle protein loaded per lane. Because LC3B-II binds tightly to autophagosomal membranes and serves as an autophagic marker protein, the difference in LC3B-II levels in the presence and absence of colchicine represents autophagic flux.
Quantitative real-time PCR
Frozen muscle tissue (50 mg) was homogenized in 1 ml of TRIzol reagent (15596-026; Invitrogen) and RNA was isolated in accordance with the manufacturer's instructions. RNA concentration and integrity was verified on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) using the RNA integrity number software algorithm. Samples with a RNA integrity number score of 9 and above were used for analysis. Reverse transcription was performed in a standard fashion using a High Capacity cDNA Reverse Transcription Kit (4368814; Applied Biosystems, Foster City, CA, USA) supplemented with DNase treatment (AM2222; Ambion, Austin, TX, USA). TaqMan assays were designed for specific genes using the Roche Universal Probe Library. Map1Lc3 (Lc3), Gabarap, Bnip3, Ppargc1α, Ppargc1β, Tfam, Nrf1, Nrf2, Cox4i, Cox5a, TFB1 and TFB2 mRNA expressions were detected using real-time PCR with an ABI PRISM 7000 sequence detector (Applied Biosystems) and analyzed using SDS, version 2.2.2 (Applied Biosystems). All real-time PCR experiments were performed in triplicate. Relative mRNA quantifications of target genes were determined using the threshold cycle ( CT) method using the housekeeping genes Gapdh and Hprt1/Hprt. Data were expressed as the fold change relative to control Park2 +/+ mice.
In situ determination of muscle fibre type and size
Eight micron thick serial cross-sections were cut in a cryostat at −18°C and mounted on lysine coated slides (Superfrost; Thermo Fisher). These sections were immunolabelled for the different myosin heavy chains (MHC) as described previously (Gouspillou et al. 2014c; Leduc-Gaudet et al. 2015) . Briefly, the first cross-sections of each animal sample were used to immunolabel MHC type I, IIa and IIb. These cross-sections were first allowed to reach room temperature and rehydrated with PBS (pH 7.2). These sections were then blocked using goat serum (10% in PBS) and incubated for 1 h at room temperature with a primary antibody cocktail: 
Statistical analysis
Statistical analyses for data related to muscle specific strength, fibre size distribution, fibre cross-sectional area, fibre type proportion, mitochondrial respiration and mitochondrial enzyme activities were performed using a two-way ANOVA. Corrections for multiple J Physiol 596.13 comparisons were performed by controlling for the false discovery rate using the two-stage method of Benjamini and Krieger and Yekutieli (with q < 0.1 and P < 0.05). All other comparisons between Park2 −/− and Park2 +/+ mice were performed using unpaired bilateral Student's t tests. P < 0.05 were considered statistically significant.
Results
Parkin ablation alters muscle contractility and phenotype
We first investigated the impact of Parkin ablation on skeletal muscle contractility. To this end, we quantified the in situ specific force of the TA muscle at various stimulation frequencies ( Fig. 2A) . Although Park2 −/− did not significantly decrease force at any given stimulation frequency, a two-way ANOVA across stimulation frequencies revealed a significant main effect of genotype on muscle specific force. This result indicates that Park2 −/− causes a mild contractile dysfunction. We then investigated the impact of Parkin ablation on muscle fibre size and type in the gastrocnemius muscle ( Fig. 2B-F) . Although no change in the overall muscle fibre size was observed (Fig. 2C) , Park2 −/− causes a right shift in overall fibre size distribution (Fig. 2D) , indicating a higher proportion of large fibres. Muscles from Park2 −/− mice also showed a trend for higher fibre CSA of type IIb compared to muscles derived from Park +/+ mice (P = 0.051) (Fig. 2E) . No significant differences in gastrocnemius fibre type proportions were observed between Park2 −/− and Park2 +/+ mice (Fig. 1F ).
Parkin ablation results in mitochondrial dysfunction
Because the best-characterized function of Parkin is its roles in mitochondrial quality control processes, we then investigated whether the contractile dysfunction observed in Park2 −/− mice was associated with alteration and Park2 +/+ mice (n = 6 or 7). E, quantification of the average fibre size for each fibre type of the gastrocnemius muscle of Park2 −/− and Park2 +/+ mice (n = 6 or 7). F, quantification of the fibre type proportion the gastrocnemius muscle of Park2 −/− and Park2 +/+ mice (n = 6 or 7). Statistical analyses for data shown in (A), (D), (E) and (F) were performed using a two-way ANOVA. Corrections for multiple comparisons were performed by controlling for the false discovery rate using the two-stage method of Benjamini and Krieger and Yekutieli (with q < 0.1). * P < 0.05 and q < 0.1.
in mitochondrial energetics. To this end, we first evaluated mitochondrial respiration in permeabilized myofibres prepared from the gastrocnemius muscle, an approach known to preserve mitochondrial structure, content and interactions with other organelles. No difference in state 2 respiration was observed when glutamate and malate were used as substrates between muscles from Park2 −/−
and Park2 +/+ mice (Fig. 3A) . Maximal (state 3) respiration driven by complex I substrates (Column V ADP in Fig. 3A ) was 48% lower in muscles from Park2 −/− vs. Park2
mice. No differences in state 3 respiration rate were observed when complexes I + II substrates were used (Column V Succ in Fig. 2A ). Maximal respiration rate driven by complex IV substrates was 34% lower in muscles from Park2 −/− vs. Park2 +/+ mice (Column V TMPD in Fig. 3A) . The acceptor control ratio, an index of mitochondrial coupling efficiency calculated by dividing state 3 by state 2 respiration (Schlagowski et al. 2014) , V G + M: state II respiration driven by the complex I substrates glutamate + malate; V ADP: state III respiration rate driven by complex I substrates; VSucc: state III respiration rate driven by the complex II substrate succinate; VTMPD: state III respiration driven by the complex IV substrate TMPD. B, ACR, an index of mitochondrial coupling efficiency, assessed in permeabilized myofibres prepared from Park2 −/− and Park2 +/+ mice (n = 6-8). C, quantification of the activity CS, SDH, CI and COX (complex IV of the electron transfer system). Statistical analyses for data presented in (A) and (C) were performed using a two-way ANOVA. Corrections for multiple comparisons were performed by controlling for the false discovery rate using the two-stage method of Benjamini and Krieger and Yekutieli (with q < 0.1). * P < 0.05 and q < 0.1.
was 52% lower in muscles from Park2 −/− vs. Park2 (Fig. 3B ). In line with the lower state 3 respiration rates driven by complex I and complex IV substrates, the individual enzymatic activity of complex I and IV were significantly lower in muscles from Park2 −/− vs. Park2
mice, whereas the activity of complex II (SDH) and citrate synthase were unaltered (Fig. 3C) . Altogether, our results indicate that Parkin ablation results in severe decrease in maximal mitochondrial respiration driven by complex I and IV substrates and mitochondrial uncoupling.
Impact of Parkin on mitochondrial biogenesis
To define whether the severe impairment in mitochondrial respiration seen in Park2 −/− mice was associated with impaired mitochondrial biogenesis, we first quantified mRNA expression of key proteins involved in the regulation of the mitochondrial biogenesis program. The levels of PGC-1α, PGC1β, NRF1, TFAM and TFB2 mRNA, but not that of NRF2 and TFB1, were all significantly lower in muscles from Park2 −/− vs. Park2 +/+ mice (Fig. 4A ). Although their mRNA levels were significantly decreased in muscles from Park2 −/− mice, no difference in PGC-1α and PGC-1β protein contents were observed among Park2 −/− and Park2 +/+ mice (Fig. 4B ). We next quantified the protein content of representative proteins located in the outer mitochondrial membrane, the inner mitochondrial membrane and the mitochondrial matrix. Muscles from Park2 −/− mice contained higher TOMM70 protein levels but similar VDAC protein levels to those detected in muscles from Park +/+ mice ( Fig. 4C  and D) . Although the content of the inner mitochondrial membrane protein COX I was higher in muscles from Park2 −/− animals, the content of COX IV levels was similar to that of Park +/+ mice ( Fig. 4E and F) . Finally, no difference in the content of the mitochondrial matrix protein HSP60 was observed (Fig. 4G) . Overall, our results suggest that Parkin ablation significantly downregulates pathways controlling mitochondrial biogenesis and that Parkin might be involved in the selective degradation of outer and inner mitochondrial membrane proteins. Finally, because none of the proteins we probed for showed a lower abundance, our results suggest that mitochondrial content is not decreased by Parkin ablation.
Parkin ablation does not impact mitochondrial H 2 O 2 emission but result in the accumulation of a marker of oxidative stress
Because oxidative stress can decrease muscle force production (Carnio et al. 2014) , we investigated the impact of Parkin ablation on mitochondrial ROS production. To this end, we measured in permeabilized fibres the efflux of H 2 O 2 using the Amplex Red system. For all and Park +/+ animals ( Fig. 5A and B) ; however, 4-HNE content (a marker of lipid peroxidation) was significantly higher in muscles from Park2 −/− vs. Park2 +/+ mice, indicating that Parkin ablation favours oxidative stress (Fig. 5C ).
Parkin ablation results in a sensitization of the mitochondrial permeability transition pore (mPTP)
In addition to their roles in ATP synthesis and ROS production, mitochondria also play a key role in the regulation of apoptosis. For example, the opening of the mitochondrial permeability transition pore, which can be triggered by ROS overproduction or calcium overload, can release pro-apoptotic factor normally sequestered in the intermembrane space to the cytosol (Halestrap, 2009 ). We therefore investigated the impact of Parkin loss on mitochondrial mediated apoptosis. We first assessed mitochondrial CRC and time to mPTP opening. Although no significant difference in CRC was observed between muscles from Park2 −/− and Park2 +/+ mice (Fig. 6A) , muscles from Park2 −/− mice had a significantly lower time to mPTP opening compared to Park2+/+ animals (Fig. 6B) . No difference in the activities of Caspase-3 and Caspase-9 (Fig. 6C) , as well as in Bax protein level content, was observed among muscles from Park2 −/− and Park2 +/+ (Fig. 6D) . 
Parkin ablation alters mitochondrial morphology and fusion/fission processes in skeletal muscle
Because of the tight link existing between mitochondrial dynamics and function, we next investigated the impact of Parkin ablation on the content of proteins regulating mitochondrial fusion and fission. Muscles from Park2 −/-mice displayed significantly lower levels of the pro mitochondrial fusion protein Mfn2 and significantly higher levels of the pro fission protein Drp1 compared to Park2 +/+ animals (Fig. 7) . The association of the higher Drp1 and lower Mfn2 protein contents observed in Park2 −/− mice suggests that Parkin ablation results in the fragmentation of skeletal muscle mitochondria.
Parkin ablation increases global autophagy
Given the central role of Parkin in mitochondrial autophagy, we aimed to determine whether overall autophagy was perturbed in muscles from Park2 −/− mice.
Muscles from Park2
−/− animals expressed significantly higher mRNA levels of three key autophagy proteins: LC3, Gabaparl1 and Bnip3 (Fig. 8A) . Although no significant difference in the levels of SQSTM1 (p62) was observed between muscles from Park2 −/− and Park2 +/+ mice (Fig. 8B) , a significantly higher autophagic flux (assessed as the evolution of LC3B-II levels in the presence and absence of colchicine) was found in muscles from Park2 −/− vs. Park2 +/+ mice (Fig. 8C ).
Discussion
Mitochondrial health is essential for optimal muscle performance, making processes involved in mitochondrial quality control critical for muscle cells. Although Parkin has been described as a major regulator of mitophagy, very little is known about its roles physiological in skeletal muscle function. In the present study, we show that Parkin ablation in mice results in: (i) mild impairment in skeletal muscle contractility; (ii) a severe decrease in mitochondrial respiration driven by complex I and IV substrates, as well as mitochondrial uncoupling; (iii) a reduction in the activities of respiratory chain complexes containing mitochondrial DNA (mtDNA) encoded subunits; and (iv) a sensitization of the mitochondrial mPTP to Ca 2+ . These results document a previously unappreciated role of Parkin in the normal maintenance of mitochondrial and skeletal muscle function.
It is important to note that the contractile dysfunction we observed in the TA muscle of Park2 −/− mice is an intrinsic dysfunction because muscle strength was normalized to muscle cross-sectional area ( Fig. 2A) . In addition, our results obtained in the gastrocnemius suggest that the impaired contractility we observed in Park2 −/− mice may occur in the absence of muscle atrophy and shift in muscle fibre type (Fig. 2) . Although the mechanism linking Parkin to the regulation of skeletal muscle contractile function is currently unknown, it is possible the oxidative stress associated with Parkin ablation, as indicated by the increase in 4-HNE content, could play a role in the depression of muscle contractility of Parkin2 −/− mice. Indeed, oxidative modifications to contractile proteins, which can occur under oxidative stress, have been shown to decrease muscle force production (Carnio et al. 2014) . Although oxidative stress observed in Park2 −/− muscles may be attributed to an increase in mitochondrial ROS production, no significant differences in mitochondrial H 2 O 2 emission was observed among Park2 −/− and Park2 +/+ muscles. Furthermore, the observation that mitochondrial anti-oxidant SOD2 contents were also similar among these muscles strongly suggests that the sources of this increase in 4-HNE content in Park2 −/− muscles are located outside the mitochondria. Other potential ROS include NADPH oxidases, xanthine oxidases and other non-mitochondrial ROS sources in skeletal muscle fibres. Alternatively, this increase in 4-HNE content could also result from an impaired H 2 O 2 handling in the cytosol, potentially through a decrease in the activity of the cytoplasmic or peroxisomal catalases. Future studies are clearly required to investigate the link between Parkin and these pathways.
The most striking impact of Parkin ablation in skeletal muscle in the present study is the significant decrease in mitochondrial respiration (Fig. 3) . Interestingly, Parkin ablation in skeletal muscle appears to particularly influencing the activity of mitochondrial enzymes with subunits encoded by the mtDNA. Indeed, the activity of the two nuclear DNA encoded enzymes, complex II (SDH) and CS, were not affected by Parkin deletion, whereas the activities of complex I and complex IV, which contain seven and three mtDNA-encoded subunits, respectively, were significantly decreased in Park2 −/− muscles. Direct measurements of mitochondrial respiratory capacity provided converging evidence for this interpretation. No significant alterations in the respiration rate driven by complex II substrate was observed in permeabilized myofibres from Park2 −/− mice, whereas respiration driven by complex I and complex IV substrates was severely decreased. Based on recent findings suggesting that the PINK1-Parkin pathway is involved in the selective turnover of complexes of the respiratory chain (Vincow et al. 2013) , we propose that Parkin may be involved in the turnover of complexes containing mtDNA-encoded subunits or of the mtDNA-encoded subunits themselves.
Our quantification of the content of two complex IV subunits support the hypothesis that Parkin may be involved in the turnover of mtDNA encoded subunits. Indeed, we found that Park2 −/− muscles have significant accumulation of the mtDNA-encoded subunit COX I, whereas no change in the nuclear DNA-encoded subunit COX IV was observed in these animals. This selective degradation of mt-DNA-encoded subunits of respiratory chain complexes could be achieved through the formation of mitochondrial derived vesicles (Soubannier et al. 2012a; Soubannier et al. 2012b; McLelland et al. 2014) . Recent studies have revealed that the Parkin-Pink1 pathway regulates the formation of mitochondrial derived vesicles (McLelland et al. 2014) , which can contain, amongst others, the mtDNA-encoded COX I subunit (Soubannier et al. 2012b) . Interestingly, this specific impact of Parkin ablation on complexes containing mtDNA-encoded subunits was not observed in the heart (Piquereau et al. 2013) . Although mitochondrial respiration is also decreased in Park2 −/− hearts (albeit to a lesser extent than in skeletal muscle), the activities of complex I and IV are similar among Park2 −/− and Park2 +/+ hearts (Piquereau et al. 2013) . The exact mechanisms involved in the differential impact of Parkin ablation on mitochondrial respiration and mitochondrial complex activities in skeletal muscle and cardiac cells are currently unknown. It is possible that other pathways involved in mitochondrial quality control might compensate for Parkin ablation in cardiomyocytes.
The present study reveals that Parkin ablation results in a sensitization of the mPTP to Ca 2+ (Fig. 6 ). This finding is similar to that made in the Park2 −/− hearts (Piquereau et al. 2013) . One of the consequences of mPTP opening is the release of pro-apoptotic factors, such as cytochrome c, apoptosis inducing factor and EndoG, from the mitochondrial intermembrane space into the cytosol (Kroemer et al. 2007) . Once released, these pro-apoptotic factors will either translocate to the nuclease to cleave the nuclear DNA or will trigger the activation of several caspases, including the caspases 3 and 9. Interestingly, despite increased mPTP sensitivity to Ca 2+ , muscles of Park2 −/− mice do not have significant increase in caspase-3 and caspase-9 activities, suggesting that mitochondria from these muscles do not trigger excessive apoptosis. This conclusion is supported by the observation that BAX protein levels was similar in muscles from Park2 −/− and Park2 +/+ mice. Bax is a protein able to form oligomers in the outer mitochondrial membrane to trigger the release of mitochondrial pro-apoptotic factor (Kroemer et al. 2007) . Although this may be interpreted as an absence of effect of Parkin on mitochondrial-mediated apoptosis, the sensitized mPTP in Park2 −/− muscles might render muscle mitochondria more susceptible to trigger apoptosis under stress condition.
It is important to highlight that, despite the decrease in mitochondrial respiration and the sensitization of the mPTP detected in muscles from mice Park2 −/− , mitochondrial content was not decreased in muscles from mice Park2 −/− mice. Indeed, several commonly used markers of mitochondrial contents, such as CS activity and VDAC content, were similar among muscles from Park2 −/− and Park2 +/+ mice, suggesting a similar mitochondrial content between muscles of Park2 −/− and Park2 +/+ mice (Fig. 4) . Because of its role in mitophagy, it could also be assumed that Parkin ablation would result in an increase in mitochondrial content. However, our results suggest that Parkin ablation causes a reduction in the drive for mitochondrial biogenesis, as highlighted by the decrease in mRNA expression of multiple proteins regulating mitochondrial biogenesis (Fig. 3) . This observation is in agreement with recent findings showing that Parkin plays a role in the regulation of mitochondrial biogenesis by targeting PARIS, a transcriptional repressor of PGC-1α, for degradation (Shin et al. 2011 ).
An interesting observation in our study is that muscle autophagic flux is significantly higher in Park2 −/− mice compared to Park2 +/+ mice. A similar finding has been reported in the heart (Piquereau et al. 2013) . The increase in basal autophagy may be a compensatory response designed to compensate for the lack of Parkin and the resulting reduction in mitochondrial quality and cytoplasmic oxidative stress. This increase in basal autophagy in Park2 +/+ mice is in line with the findings of Chen et al. (2010) who found that Parkin in Hela cells can repress autophagy through the mono-ubiquitinylation of Bcl-2. Although autophagy is an important catalytic pathway involved in muscle protein degradation and the development of fibre atrophy (Sandri, 2013; Milan et al. 2015) , we found that the significant increase in basal autophagy of muscles from Park2 −/− mice was not associated with myofibre atrophy. The lack of fibre atrophy may be attributed to a possible activation of the hypertrophy signalling pathways, such as the AKT/ mTOR pathway in muscles lacking Parkin, resulting in increased protein synthesis. This possibility needs to be tested in future studies.
Mitophagy and mitochondrial dynamics are closely related processes. It is well established that mitochondrial fission is required for the initiation of mitophagy (Twig & Shirihai, 2011) . Parkin was shown to ubiquitinylate the pro-fusion proteins Mfn2 and Mfn1, thereby targeting these proteins for proteosomal degradation (Gegg et al. 2010) . Through this action, it was suggested that Parkin can ultimately tip the fusion/fission balance towards mitochondrial fission (Gegg et al. 2010) . In line with this thesis, Parkin overexpression in skeletal muscle of flies and in rat hippocampal neurons has been shown to promote mitochondrial fragmentation (Yu et al. 2011; Rana et al. 2013) . Based on these observations, we anticipated that Parkin ablation would result in an increase in the content of pro-fusion proteins and potentially in a fusion/fission balance favouring mitochondrial fusion. Our results, however, indicate that Parkin ablation in skeletal muscle results in a significant decrease in Mfn2 content and an increase in the levels of the pro-fission protein Drp1, strongly suggesting that Parkin deletion is associated with an increase in mitochondrial fragmentation. The increase in Drp1 protein levels in muscles from Park2 −/− mice in the present study may be a result of decreased degradation rather than increased transcription of this protein. This speculation is based on the recent observation that Drp1 is a Parkin substrate and that ubiquitinylation of Drp1 by Parkin targets Drp1 for gradation (Wang et al. 2011) . Our results and those from the previously cited studies emphasize that the interplay between Parkin and proteins involved in mitochondrial dynamics is extremely complex and requires further investigation. Because mitochondrial fragmentation has been frequently associated with impaired mitochondrial function (Picard et al. 2011) , it is also possible that the imbalance between Drp1 and Mfn2 contents caused by Parkin ablation might have contributed to the mitochondrial dysfunction that we found in muscles from Park2 −/− mice. Our current results could have important implications for the understanding of several conditions and pathologies affecting skeletal muscles and mitochondrial function. For example, a decline in Parkin expression has been reported in aged skeletal muscle (Drummond et al. 2014; Gouspillou et al. 2014b ) and in skeletal muscle dysfunction induced by chemotherapy treatment . Interestingly, in addition to depressed muscle contractility, muscles from Park2 −/− mice recapitulate some of the mitochondrial phenotypes seen in aged skeletal muscles and in muscles from animals treated with chemotherapy. Similar to muscles from Park2 −/− mice, aged skeletal muscle mitochondria display a sensitized mPTP and impaired mitochondrial energetics (Marcinek et al. 2005; Gouspillou et al. 2014a; Gouspillou et al. 2014b) , whereas muscle from chemotherapy treated mice displays a severe decrease in mitochondrial respiration . Although a decrease in Parkin expression is probably not the only contributor to mitochondrial and muscle dysfunction seen with normal ageing and chemotherapy treatment, our data suggest that it could represent a significant underlying mechanism.
In summary, the present study shows that Parkin is essential for the maintenance of normal mitochondrial function in skeletal muscles and that Parkin ablation leads to mild impairment in skeletal muscle contractility, as well as significant impairment of mitochondrial function. Our results thus suggest that Parkin could be targeted to improve muscle and mitochondrial health.
